Peptides encoded by the Urocortin (Ucn) II gene, also known as stresscopin-related peptide, were recently identified as new members of the corticotropin-releasing factor (CRF) family. Ucn II is a specific ligand for the type 2 CRF receptor (CRFR). We have demonstrated the peripheral distribution of mouse Ucn (mUcn) II transcripts by using specific mUcn II ribonuclease protection assays, RT-PCR, Southern hybridization, and DNA sequencing. Although Ucn II mRNA is widely expressed in a variety of peripheral tissues, we found it to be most highly expressed in the skin and skeletal muscle tissues. Using a specific RIA for mUcn II, we detected Ucn II-like immunoreactivity (ir) in acid extracts of mouse brain, muscle, and skin. Immunohistochemical studies revealed Ucn II-like ir in both skin epidermis and adnexal structures and in the skeletal muscle myocytes. Ucn II mRNA and ir were also observed in neonatal skeletal muscle cultures in which Ucn II was localized to the myotube. We found a significant increase in Ucn II mRNA levels in the skin, but not in skeletal muscle, of both CRFR1-and CRFR2-null mice compared with their wild-type littermates. We showed that administration of dexamethasone to mice resulted in a decrease of Ucn II mRNA levels in the back skin region 12 h after ip injections. Removal of the adrenal gland significantly increased the levels of Ucn II mRNA in the skin, and the levels were reduced back to normal levels after corticosterone replacement. Further examination of the distribution and regulation of CRFR2 and its specific ligand Ucn II in the skin and skeletal muscle tissues may reveal the manner by which the CRFR2 pathway is involved in the physiological responses to stress in these tissues and in other pathophysiologies of the skin and muscle. (Endocrinology 145: [2445][2446][2447][2448][2449][2450][2451][2452][2453][2454][2455][2456][2457] 2004) 
was localized to the myotube. We found a significant increase in Ucn II mRNA levels in the skin, but not in skeletal muscle, of both CRFR1-and CRFR2-null mice compared with their wild-type littermates. We showed that administration of dexamethasone to mice resulted in a decrease of Ucn II mRNA levels in the back skin region 12 h after ip injections. Removal of the adrenal gland significantly increased the levels of Ucn II mRNA in the skin, and the levels were reduced back to normal levels after corticosterone replacement. Further examination of the distribution and regulation of CRFR2 and its specific ligand Ucn II in the skin and skeletal muscle tissues may reveal the manner by which the CRFR2 pathway is involved in the physiological responses to stress in these tissues and in other pathophysiologies of the skin and muscle. (Endocrinology 145: 2445-2457, 2004) P EPTIDES ENCODED BY the Urocortin (Ucn) II gene, also known as the stresscopin-related gene, were recently identified as members of the corticotropin-releasing factor (CRF) family (1, 2) . CRF, originally isolated from hypothalamus (3), plays an important and well-established role in the regulation of the hypothalamus-pituitary-adrenal (HPA) axis and in other endocrine, autonomic, and behavioral responses to stress (4) . In addition to CRF and Ucn II peptides, the mammalian CRF-peptide family contains Ucn (5) and Ucn III, also known as stresscopin (2, 6) . Human Ucn II and mouse Ucn (mUcn) II predicted mature 38-amino acid peptides are 76% identical, are more related to Ucn III than to Ucn, and are associated with high biological activity (6 -8) . The effects of CRF-related peptides are mediated through activation of two known receptors, CRF receptor (CRFR) 1 (9) , and CRFR2 (10 -13) . Although mice deficient for CRFR1 display decreased anxiety-like behavior and have an impaired stress response due to low plasma ACTH and corticosterone concentrations (14, 15) , the CRFR2-null mice exhibit increased anxiety-like behaviors and an accelerated HPA response to stress (16 -18) .
Receptor binding studies have demonstrated that human Ucn II and mUcn II bind to and activate with high affinity and selectivity the CRFR2 compared with CRFR1 (1, 6) . In addition, Ucn II exhibits high potency to stimulate intracellular cAMP accumulation in cells stably transfected with CRFR2 but not with CRFR1 (6) . The distribution of CRFR1 and CRFR2 in the central nervous system (19 -21) and periphery (10 -13) are distinct and imply diverse physiological functions. Transcripts encoding Ucn II are expressed in discrete regions of the rodent central nervous system, including the paraventricular and arcuate nuclei in the hypothalamus and locus ceruleus in the brainstem (1) . PCR analysis using a panel of human tissue cDNAs showed that Ucn II transcript could be detected in most tissues analyzed, with higher expression levels in brain, heart, lung, muscle, stomach, adrenal, and peripheral blood cells (2) . The CRF gene is widely expressed in mammalian peripheral tissues, at levels lower than in the hypothalamus. CRF gene expression has been detected in placenta, endometrium, uterus, ovary, testes, spleen, immune system, gastrointestinal tract, adrenal gland, thyroid, and human skin (7, 8, 22, 23) . Expression of the Ucn gene has also been documented in peripheral tissues such as pituitary, placenta, uterus, testes, immune system, gastrointestinal tract, adrenal gland, pancreas, heart, and skin (24) .
The skin is the largest body organ and functions to maintain internal homeostasis by serving as a barrier between the external environment and the internal milieu (25) . The skin is continuously exposed to a variety of stressors represented by solar radiation and biological and chemical insults, which require localized and specific mechanisms for dealing with the immediacy of these interactions (25) . Biochemical and molecular studies have demonstrated CRF, Ucn, CRFRs, and proopiomelanocortin (POMC) peptides in human and mouse skin (22) (23) (24) (25) (26) (27) (28) (29) . CRF and Ucn have been demonstrated to play an important role in a variety of physiological processes in the skin that lead to the hypothesis of an equivalent HPA axis present in the skin that can be activated in response to stress (22) (23) (24) (25) (26) (27) (28) (29) .
In contrast to the extensive literature regarding skin and the CRF system, the skeletal muscle, although expressing high levels of CRFR2 (11) , is lacking any anatomical or functional data.
Glucocorticoid receptors are widely expressed in all skin compartments, including the epidermal and follicular keratinocytes, epithelial cells of eccrine and apocrine glands, sebocytes, melanocytes, immune cells of the epidermis and dermis, dermal fibroblasts, and smooth muscle (23) . Glucocorticoids are potent drugs used in the treatment of inflammatory skin disease (23) , and activation of glucocorticoid receptors regulates specific functions in the corresponding cells, for example, the inhibitory effect of glucocorticoids on hair growth (30) .
In the present study, we examine the expression of Ucn II in mouse peripheral tissues. The Ucn II peptide expression and localization in the skin and skeletal muscle tissues is presented. The basal expression of Ucn II in skin and skeletal muscle of CRFR1-and CRFR2-null mice is determined, and skin and skeletal muscle Ucn II regulation in the whole animal after dexamethasone administration and adrenalectomy (ADX) is presented.
Materials and Methods

RNA preparation and quantitative RT-PCR
Total RNA was extracted from different mouse tissues, from the skin and skeletal muscle of CRFR1-and CRFR2-null mice and their wild-type littermates, and from primary cultures of neonatal skeletal muscle, using the TRI Reagent isolation reagent (Molecular Research Center, Inc., Cincinnati, OH) based on the acid guanidinium thiocyanate-phenolchloroform extraction method, according to the manufacturer's recommendations. To avoid false-positive results caused by DNA contamination, we performed a deoxyribonuclease (DNase) treatment for 30 min at 37 C using the RQ1 ribonuclease (RNase)-free DNase (catalog no. M6101, Promega Corp., Madison, WI). We used quantitative RT-PCR to amplify the levels of endogenous Ucn II that may be present in the different mouse tissues studied. The expression of the mRNA of ribosomal protein S16 (31) served as internal control. The PCR conditions were as follows: the cDNA equivalent of 200 ng of total RNA was amplified by PCR for 35 cycles at an annealing temperature of 60 C, the final MgCl 2 concentration was 3 mm, and each reaction contained 2.5 U of Taq DNA polymerase (BIO-X-ACT DNA polymerase, Bioline UK Ltd., London, UK).
RNase protection assay
Total RNA was extracted from different mouse tissues using the TRI Reagent RNA isolation reagent (Molecular Research Center, Cincinnati, OH). mUcn II and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Anbion Inc., Austin, TX) mRNA levels were measured simultaneously by RNase protection, using mouse GAPDH as an internal loading control. A 631-nucleotide Ucn II antisense riboprobe specific to the mUcn II mRNA was synthesized by using T3 RNA polymerase. A 376-nucleotide antisense riboprobe specific to mouse GAPDH mRNA was synthesized by using T3 RNA polymerase. All riboprobes were synthesized in the presence of [␣-
32 P]uridine 5Ј-triphosphate (UTP) [3000 Ci/mmol (1 Ci ϭ 37 GBq)] and either 20 m UTP for Ucn II or 200 m UTP for GAPDH, as described (32) . The fragment sizes protected by Ucn II and GAPDH riboprobes are 592 and 316 nucleotides, respectively.
RNase protection analysis was carried out as described (32) . RNA samples (40 g of peripheral tissues or 20 g of brainstem/cerebellum tissues) were hybridized in 24 l of deionized formamide plus 6 l of hybridization buffer containing 6 ϫ 10 5 cpm of Ucn II and 4 ϫ 10 4 cpm GAPDH antisense riboprobes. After heating to 85 C for 5 min, the samples were hybridized at 42 C for 15 h and subsequently digested by RNase (100 g/ml RNase A and 0.5 U/ml RNase T1) at 24 C for 60 min. The samples were resolved on 4% polyacrylamide 7 m urea gels. Image analysis was performed by using the PhosphorImager system (Molecular Dynamics, Inc., Jersey City, NJ) and the ImageQuant TL 4.0 software package (Amersham Biosciences, Piscataway, NJ).
Southern analysis
The PCR products were transferred onto a nylon membrane (Hybond-N, Amersham Biosciences, Pitcataway, NJ) by overnight capillary blotting in 20ϫ sodium chloride/sodium citrate buffer (SSC) solution, and the nylon was baked in a vacuum oven at 80 C for 2 h. Overnight hybridizations were performed sequentially on the same membrane, using Super Hyb Kit (Molecular Research Center) in the presence of a [ 32 P]-labeled probe specific to the mUcn II or S16 cDNA. Hybridizations were performed at 60 C for mUcn II probe. The corresponding bands could be seen after exposure of the membranes to PhosphorImager plates (445 SI, Molecular Dynamics). Gels were also exposed to x-ray film (Fuji Photo Film Co., Ltd., Tokyo, Japan) for 2-16 h at Ϫ80 C and were developed in a CURIX 60 processor (AGFA, Kö ln, Germany).
Oligonucleotide primers
Sense and antisense primers were selected, when possible, to be located on different exons to avoid false-positive results caused by DNA contamination. The following specific Ucn II and S-16 oligonucleotide primers were used in the PCRs: 1) Ucn II, 5Ј-GGCCGCCGCTGAGACT-GAA-3Ј and 5Ј-GGCCTGTGGACCTTAGATGGACTT-3Ј corresponding to nucleotides 329 -347 (sense) and 707-730 (antisense), respectively (GenBank accession no. AF33151). The predicted size of the band is 402 bp; and 2) S-16, 5Ј-TGCGGTGTGGAGCTCGTGCTTGT-3Ј and 5Ј-GC-TACCAGGCCTTTGAGATGGA-3Ј corresponding to nucleotides 369 -391 (sense) and 1968 -1990 (antisense) , respectively (GenBank accession no. M11408). The predicted size of the band is 309 bp.
DNA sequencing
The appropriate cDNA fragments of mUcn II obtained from Ucn II-expressing tissues were extracted from gels using the QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany) and subcloned into pGEM-T vector by using the pGEM-T Easy Vector System I (Promega Corp.). Nucleotide sequencing of the specific PCR bands was performed by automated direct DNA sequencing according to the manufacturer's recommendations (model 377, PE Applied Biosystems, PerkinElmer Corp., Foster City, CA).
RIA
Ucn II antisera was raised in a rabbit immunized with TyrGly-mUcn II conjugated to human ␣-globulins via bisdiazotized benzidine using a protocol previously described for inhibin subunits (33) . The analog dTyrGly(Ala 21 )-mUcn II was radiolabeled with Na[ 125 I] using the chloramine-T method and purified by HPLC (33) for use as tracer in the RIA. The procedure for Ucn II RIA was similar to that previously described in detail for inhibin subunits (33) . Briefly, rabbit anti-mUcn II (PBL Rabbit no. 6555, 09/12/01 bleed) was used at 1/300,000 final dilution, and mUcn II was used as standard. Murine tissues were acid-extracted and partially purified using octadecyl silica cartridges as described (34) . Lyophilized samples for testing were resuspended in assay buffer, the pH was checked and adjusted if necessary, and samples were tested at three-to seven-dose levels. Free tracer was separated from tracer bound to antibody with the addition of sheep antirabbit ␥-globulins and 10% (weight/volume) polyethylene glycol. The EC 50 and minimum detectable dose for mUcn II are 12-15 pg and 1 pg per tube, respectively.
Immunohistochemical procedure
For the immunohistochemical studies, we used samples of thigh skeletal muscle and back skin taken from C57B6 mice. The tissues were fixed in 10% natural buffered formalin, embedded in paraffin, and cut into 4-m-thick sections that were used for immunohistochemical studies using specific antibodies for Ucn II. The immunohistochemical procedure was performed using the VECTASTAIN Elite ABC system (catalog no. PK-6101, Vector Laboratories, Inc., Burlingame, CA) according to the manufacturer's recommendations. To determine the specificity of the signals, we preabsorbed aliquots of the antibody with an excess (10 -100 g) of Ucn II for 24 h. Additional control sections were incubated without the first antibody or with an irrelevant antibody. The sections were also stained with hematoxylin and eosin to demonstrate the morphological structure of the tissues.
Fluorescence immunocytochemical analysis
Primary culture cells obtained from the skeletal muscle of 1-to 2-d-old mice were analyzed by fluorescence immunocytochemistry using Ucn II-specific antibody. The cells were plated on round glass coverslips (13 mm) coated with gelatin in 24-well culture plates. Two days later, the cells were fixed by the addition of 4% paraformaldehyde in 0.1 m phosphate buffer (PB; pH 7.4, 30 min), washed (three times for 5 min each) with PB, and permeabilized for 3 min with 0.5% Triton X-100. After washing three times, the cells were incubated for 2 h at room temperature in a blocking medium (PBS containing 10% normal donkey serum, 2% BSA, 1% glycine, and 0.5% Triton X-100) to saturate nonspecific binding sites for IgG. The primary antibodies were added for 12-15 h at 4 C, and the cells were washed (5 min, three times) with 0.1 m PB. The cells were then incubated for 2 h at room temperature with Cy2-conjugated AffiniPure donkey antirabbit (green fluorescence, Jackson ImmunoResearch Laboratories, West Grove, PA). The cells were washed with PB and coverslipped with fluorescence mounting medium. To determine the specificity of the signals, we have included several control groups in which the antibodies were preabsorbed with excess (2-100 g) Ucn II for 24 h. Additional control sections were incubated without the first antibody or with normal rabbit serum.
Skeletal myocytes culture
Skeletal myocytes were isolated from the limbs of neonatal C57BL/6 mice that were less than 2 d old. Myocytes were cultured as described previously (35) with the following modifications. After collagenase digestion, the cells were preplated in medium consisting of DMEM [1000 g glucose/liter, 1 mmol/liter l-glutamine, 100 U/ml penicillin/streptomycin (all from Life Technologies, Inc., Rockville, MD)] supplemented with 15% (vol/vol) fetal bovine serum on 10-cm tissue culture dishes. Preplating of the cell suspension for 30 min allows contaminating fibroblasts to attach, and the myocytes remain free in the culture media. Subsequent to this incubation, the myocyte cell suspension was transferred onto 12-well (1 cm) gelatin-coated plates or to 8-well chamber slides. After 24 h in culture, the media was replaced with media containing reduced fetal bovine serum at 1% (vol/vol) for an additional 48 h before paraformaldehyde fixation.
RNA competitor construction
Homologous RNA competitive internal standards that shared the same primer binding sites (but contained a shortened internal sequence with respect to the endogenous target RNA for mUcn II) were prepared as follows (Fig. 1A) . The sense primer was primer "A" (5Ј-GGCCGC-CGCTGAGACTGAA-3Ј), which is a conventional PCR primer and corresponds to nucleotides 329 -347 (GenBank accession no. AF33151) (Fig.   1A ). The antisense primer was 48 nucleotides in length in which 24 nucleotides at the 3Ј end correspond to primer "B" and 24 nucleotides at the 5Ј end (123 nucleotides upstream from primer B) correspond to nucleotides 707-730 (primer "C"). Primers A and BC (5Ј-GGCCTGTG-GACCTTAGATGGACTTAACATACATGCTAGAGTCCAAGAT-3Ј), corresponding to nucleotides 560 -583 and 707-730, were introduced to the PCR, and the 279-bp product, which is 123 bp smaller than the product resulting from PCR with primers A and C, was subcloned into pGEM-T vector (Promega) and sequenced. The pGEM-T 279-bp mUcn II vector was linearized by NcoI restriction digestion and transcribed into cRNA template by SP6 RNA Polymerase (Riboprobe FIG. 1. The design of mUcn II competitor internal control construct for competitive RT-PCR, and the levels of Ucn II mRNA expressed in the mouse skin and skeletal muscle as determined by competitive RT-PCR. A, Schematic demonstration of the mUcn II gene and the location of the oligonucleotide primers to generate endogenous and competitive fragments. The isolation of the mUcn II competitor internal control fragment was performed using primers A and BC for the PCR. The 279-bp fragment was isolated and subcloned, and a cRNA was transcribed as described in Material and Methods. B and C, After RT reactions containing 2-fold serial dilutions of mUcn II 279-bp internal standard (competitor mUcn II), in addition to the skin (B) or skeletal muscle (C) sample RNA, PCRs were performed using oligonucleotide primers A and C. The PCR products (402 bp for endogenous mUcn II and 279 bp for mUcn II internal standard) were separated on 2.2% agarose gel (B and C, gels), visualized with ethidium bromide, photographed, and quantified using ImageQuant software program 1.2. The ratio of internal standard to endogenous area was plotted as a function of the competitor concentration added to each PCR (B and C, graphs). The concentration of mUcn II mRNA at which the ratio of the internal standard mUcn II and endogenous mUcn II area was equal to 1 (i.e. the equivalence point; B and C, graphs) was determined.
System-SP6, catalog no. M6101, Promega). The DNA template after transcription was removed, and the cRNA product was quantified and used as internal standard in RT-PCR for mUcn II gene expression.
Competitive RT-PCR
Ucn II mRNA levels in the mouse skin and skeletal muscle after ADX or dexamethasone administration were quantified by a competitive RT-PCR assay. After DNase treatment, a constant amount of RNA (100 ng) was added to a reverse transcription (RT) mixture (SuperScript II RNase H-Reverse Transcriptase, Invitrogen, Carlsbad, CA) containing 2-fold serial dilutions of mUcn II 279-bp internal standard (7.8 -2000 fg). To test for possible pseudogene or genomic DNA contamination, either the RT enzyme or RNA was omitted from the reaction tube. Upon completion of the RT, 25% of the RT mixture was added to separate PCR mixtures containing 100 pmol of specific mUcn II oligonucleotide primers A and C, 100 m of deoxynucleotide triphosphate, 3 mm MgCl 2 , 1 ϫ Taq buffer, and 2 U Taq DNA polymerase (BIO-X-ACT DNA polymerase, Bioline UK Ltd., London, UK) in a total volume of 50 l. The PCRs were amplified for 35 cycles using a programmable thermal controller (PTC-200, MJ Research Inc., Watertown, MA). Each cycle included denaturation at 94 C for 30 sec, annealing at 60 C for 30 sec, and primer extension at 72 C for 1 min. PCR products (402 bp for endogenous mUcn II and 279 bp for mUcn II internal standard) (Fig. 1 , B and C) were separated on 2.2% agarose gel, visualized with ethidium bromide, photographed, and quantified using ImageQuant software program (version 1.2, Molecular Dynamics). The ratio of internal standard to endogenous area was plotted as a function of the competitor concentration added to each PCR. The concentration of mUcn II mRNA at which the ratio of the internal standard mUcn II and endogenous mUcn II area was equal to 1, i.e. the equivalence point, was determined.
Animals
Adult C57BL/6 male mice (27-30 g ) were used in all experiments. Animals were housed three per cage in a room with controlled temperature and a fixed lighting schedule (lights on from 0600 h to 1800 h). Food and water were given ad libitum. All experimental protocols were approved by the animal committee of the Salk Institute for Biological Studies.
ADX, corticosterone replacement, and dexamethasone administration
ADX was performed through a dorsal incision under isoflurane anesthesia. Sham operation was performed by manipulating the animal in the same manner but without removing the adrenal gland. One group of ADX mice received a replacement of corticosterone (catalog no. C-2502, Sigma Chemical, St. Louis, MO) in the drinking water at final concentration of 25 g/ml immediately after ADX surgery. All mice were killed 2 wk after ADX surgery, and the skin and skeletal muscles were isolated and subjected to RNA isolation. Blood collected from control, ADX, and corticosterone replacement mice was measured for plasma corticosterone using the ImmuChem Double Antibody Corticosterone 125 I RIA Kit (ICN Biomedicals, Inc., Costa Mesa, CA). Dexamethasone (75 mg/kg, 150 mg/kg, 300 mg/kg) or saline was injected ip into mice. The mice were killed 2 or 12 h after injection, and the skin and skeletal muscles were isolated and used for RNA isolation.
Results
Tissue distribution of Ucn II mRNA in mouse peripheral tissues
RNase protection assays were performed to determine the tissue distribution of mUcn II mRNA. Total RNA from peripheral tissues and from the brainstem and cerebellum regions of the central nervous system were hybridized with a 631-nucleotide antisense RNA probe that spanned the mature peptide region and gave a protected fragment of 592 nucleotides. Ucn II was found to be highly expressed in the skin and skeletal muscle (Fig. 2A) . Peripheral tissues expressing lower levels of Ucn II mRNA include the lung, adrenal, testes, ovary, brown fat, thymus, and spleen ( Fig.  2A) . The expression of mUcn II mRNA in the gastrointestinal tract is restricted mainly to the stomach, with very low levels of expression in the duodenum, jejunum, ileum, and colon regions ( Fig. 2A) . RNA obtained from the brainstem and cerebellum regions served as a positive control ( Fig. 2A) .
To reveal tissues expressing lower amounts of Ucn II mRNA and to confirm the pattern of expression detected by RNase protection assay, we used RT-PCR followed by Southern hybridization reactions specific for Ucn II (Fig. 2, B and C). Total RNA preparations derived from tissue encompassing several regions of the central nervous system (brainstem/ cerebellum, hypothalamus, and olfactory bulb) and peripheral tissues were reverse-transcribed to generate cDNA pools. The cDNA products were used as templates for quantitative RT-PCR analysis, followed by Southern hybridization, using specific primers and probes for mUcn II and for the ribosomal protein S16, which served as internal control. To avoid false-positive results caused by DNA contamination, each PCR was performed both on cDNA and RNA obtained from the same sample. Predicted mUcn II cDNA fragments from skin and skeletal muscle were isolated from agarose gels, subcloned into pGEM-T vector, and the nucleotide sequences were determined. The sequences were compared with those in the GenBank database and were found to be identical to the known sequence of mUcn II. The RT-PCR and Southern hybridization demonstrate that the tissue distribution pattern of mUcn II expression is similar to that observed by RNase protection assay ( Fig. 2A) . Due to increased sensitivity of RT-PCR, strong levels of expression were demonstrated (in addition to the brain, skin, and skeletal muscle) in the adrenal, lung, stomach, ovary, spleen, thymus, and brown fat (Fig. 2, B and C) . Low levels could also been detected in the heart, kidney, and white fat (Fig. 2, B and C). The S16 ribosomal protein (Fig. 2B, lower panel) served as internal control and was expressed equally in all cDNA preparations. Total RNA isolated from each tissue was hybridized with the mUcn II and GAPDH antisense probes. The protected fragments were resolved on a 4% polyacrylamide 7 M urea gel. BS/Cer, Brainstem and cerebellum. B, Representative image of electrophoretic analysis of the quantitative RT-PCR products of mUcn II and the ribosomal protein S16 (upper panels) in the mouse tissues. Southern blot hybridization of amplified mUcn II cDNA fragment (lower panels) was also performed. To avoid false-positive results caused by DNA contamination, each PCR was performed both on cDNA and RNA obtained from the same sample. BS/Cer, Brainstem and cerebellum; Hypot, hypothalamus; OB, olfactory bulb; Sk. Mus, skeletal muscle; B. fat, brown fat; W. fat, white fat; mUcn II Hyb, hybridization. C, The radioactive bands were quantified by PhosphorImager, and the normalized values (relative to the control S16 expression) are presented as relative densitometry units.
Ucn II immunoreactivity (ir) in murine skin and skeletal muscle
Using antiserum that we raised in rabbit against mouse TyrGly-Ucn II, we developed an RIA that displays the requisite sensitivity for the measurement of Ucn II-like ir in biological fluids and tissues. The mUcn II RIA has a detection limit of 0.7 to 1 pg/tube and ED 50 values in the range of 12-15 pg/tube. As shown in Fig. 3A , the RIA is highly specific for mUcn II and, additionally, selective for the murine homolog of this peptide because human Ucn II displays dramatically lower ability to displace the tracer in this RIA. Human Ucn II did not show a competition curve parallel to that of mUcn II in the RIA, nor was full displacement of tracer achieved (Fig. 3A) . Closely related peptide family members including rat CRF, Ucn, and Ucn III fail to displace the tracer with cross-reactivities less than 0.01% (Fig. 3A) .
Ucn II-like ir was measured in acid-extracted and partially purified tissue isolated from total mouse brain, muscle, and skin (Fig. 3B ). All tissue extracts tested displaced [
125 I]-radiolabeled d-TyrGly(Ala 21 )-mUcn II binding to rabbit antimUcn II in a dose-dependent manner (Fig. 3B) .
Immunohistochemical studies were carried out on paraffin sections obtained from mouse dorsal skin and thigh skeletal muscle tissues using affinity purified antibodies specific for mUcn II (Fig. 4, C-F, and Fig. 5, C and D) and revealed strong Ucn II ir staining in both tissues. Parallel sections were stained with hematoxylin and eosin (Fig. 4,  A and B, and Fig. 5A, a and b) , and sections with Ucn II ir were counterstained with methyl green to demonstrate the morphology of the tissue. The mUcn II ir was observed in both the epidermis and dermis regions of the skin, including blood vessel walls and adnexal structures: hair follicle, sweat, and sebaceous glands (Fig. 4, C-F) . In the skeletal muscle sections, ir of different intensity could be observed in skeletal muscle myocytes (Fig. 5C, a and b) . Skin and skeletal muscle sections that were reacted with either buffer alone or normal rabbit sera followed by secondary antibodies did not result in any staining. In addition, preabsorption of mUcn II antibody with excess of synthetic mUcn II abolished the immunoreactive staining (Fig. 4, G and H, and Fig. 5A , e and f). Further support for the expression and translation of Ucn II mRNA in skeletal muscle comes from RT-PCR and fluorescence immunocytochemical analysis for Ucn II in cultures of neonatal mouse skeletal myocytes (Fig. 5, B and C) . Total RNA preparations derived from skeletal muscle cultures, from mouse skeletal muscle, and from brain tissues that served as positive control were reverse-transcribed to generate cDNA. The cDNA products were used as templates for the PCR by using specific primers for mUcn II and the ribosomal protein S16 that served as an internal control. The RT-PCR results demonstrate that Ucn II is expressed in skeletal muscle cultures in addition to its expression in the skeletal muscle and brain tissues (Fig. 5B, upper panel) . The ribosomal protein S16 that served as internal control was expressed in all cDNA preparations (Fig. 5B, lower panel) . Figure 5C , a and b, demonstrates Ucn II-like ir in skeletal myocytes. The Ucn II antibody was reacted with goat antirabbit Cy2 antibody (green fluorescence, Fig. 5C, a and  b) . Culture cells that were reacted with either buffer alone or normal rabbit sera followed by secondary antibodies did not result in any staining (Fig. 5C, panel c) . In addition, preabsorption of the mUcn II antibody with an excess of synthetic mUcn II abolished the immunoreactive staining (Fig. 5C, panel d) .
Basal expression of mUcn II gene in CRFR1-and CRFR2-null mice
To permit reliable quantitation of mUcn II mRNA by competitive PCR, it was necessary to generate a mUcn II cRNA bearing a short internal deletion for use as an internal standard to determine the levels of mUcn II expression in CRFR1-and CRFR2-null mice (Fig. 1) . We measured the skin (Fig. 6 ) and skeletal muscle (Fig. 7) Ucn II mRNA levels in CRFR1-and CRFR2-null mice compared with levels in their wild-type littermates. A significant increase in Ucn II mRNA levels was observed in the skin of CRFR1-null (Fig. 6, A, B , and E) and CRFR2-null (Fig.  6 , C, D, and F) mice compared with their wild-type littermates (Fig. 6) . We did not find any significant differences in Ucn II mRNA levels in the skeletal muscle tissues of CRFR1-null (Fig. 7, A, B , and E) or CRFR2-null (Fig. 7 , C, D, and F) mice compared with their wild-type littermates (Fig. 7) .
Regulation of Ucn II expression in mouse skin by dexamethasone administration and ADX
To determine whether the increase of mUcn II mRNA in the skin of the CRFR1-null mice is glucocorticoid related, we examined the effect of dexamethasone injections on mUcn II mRNA levels in skin. Dexamethasone injections (150 and 300 g/kg) significantly decreased the expression of mUcn II in the skin of animals killed 12 h after injection of the steroid (Fig. 8, B and C). No change in the level of mUcn II mRNA was observed in animals killed 2 h after dexamethasone injection (Fig. 8, A and C) .
Two weeks after ADX, with or without corticosterone replacement, mUcn II mRNA levels in the skin (Fig. 9 , A-D) and skeletal muscle (Fig. 9 , E-H) were determined using competitive RT-PCR. Levels of mUcn II mRNA in the skin (Fig. 9, A, B , and D) of ADX mice increased by approximately 300% compared with control mice. The effect was reversed by corticosterone replacement (Fig. 9, C and  D) . In contrast to the skin, neither ADX nor corticosterone replacement affected mUcn II mRNA levels in skeletal muscle (Fig. 9, E-H) .
Discussion
We have demonstrated, using specific mUcn II RNase protection assays, RT-PCR, Southern hybridization, and DNA sequencing, the peripheral distribution of mUcn II transcripts. Although mUcn II mRNA is widely expressed in a variety of peripheral tissues, such as adrenal, lung, gastrointestinal tract, and the immune and reproductive systems, we found it to be most highly expressed in the skin and skeletal muscle. The tissue patterns of mUcn II expression observed by the RNase protection assays and RT-PCR followed by Southern hybridization methods were similar. Human Ucn II transcript was detected in most tissues analyzed by RT-PCR, with higher expression levels in brain, heart, lung, muscle, stomach, adrenal, and peripheral blood cells (2) . The human Ucn II transcript pattern of expression is correlated with the pattern we report here for the mouse tissues, both regarding the diversity of the tissues and the intensity of expression. It is important to note that in the same study, no human Ucn II expression was detected in the human skin, and the relative amount of Ucn II in the human heart seems to be higher compared with that of the mouse heart (2).
Two other members of the CRF family of peptides, CRF and Ucn, have been reported to have a wide expression in mammalian peripheral tissues. CRF gene expression has been detected, albeit at levels lower than in the hypothalamus, in placenta, endometrium, uterus, ovary, testes, spleen, immune system, gastrointestinal tract, adrenal gland, thyroid, and human skin (7, 8) . Expression of the Ucn gene has also been documented in peripheral tissues such as pituitary, placenta, uterus, testes, immune system, gastrointestinal tract, adrenal gland, pancreas, heart, and skin (22) (23) (24) . In contrast to Ucn mRNA and peptide, which are expressed both in human and mouse skin, the CRF mRNA and peptide are expressed in human skin, whereas mouse skin contains only CRF peptide, and CRF gene expression is below detectability by RT-PCR (23) . An increasing number of reports indicate that peripheral CRF family peptides play important roles in diverse physiological functions. The CRF peptide is a recognized proinflammatory agent (36) . CRF, locally produced by the embryonic trophoblast and maternal decidua, promotes implantation and maintenance of early pregnancy, primarily by killing activated T cells (37) . CRF, but not Ucn II or Ucn III, up-regulates nitric oxide synthase and modulates the guanylate cyclase activity in cultured pregnant hu- man myometrial cells (38) . Ucn can inhibit trauma-induced edema (39) , induce placental ACTH and prostaglandins release (40) , and protect cardiac myocytes from hypoxiainduced cell death (41) . Ucn and Ucn II have recently been reported to increase IL-6 output via a cAMP-dependent pathway in A7r5 aortic smooth muscle cells (42) . We (43) recently reported that Ucn III is expressed in pancreatic ␤-cells and stimulates insulin and glucagon secretion.
The relatively high levels of Ucn II mRNA in mouse skin and skeletal muscle led us to investigate mUcn II peptide levels and distribution in these tissues. Using a RIA highly specific for mUcn II, we detected Ucn II-like ir in acid extracts of partially purified tissues isolated from mouse brain, muscle, and skin. Immunohistochemical studies carried out on paraffin sections obtained from mouse skin and skeletal muscle revealed Ucn II-like ir in both skin epidermis and dermis regions including blood vessel walls, the adnexal structures (hair follicle, sweat, and sebaceous glands) and skeletal muscle myocytes. Ucn II mRNA and ir were also observed in neonatal skeletal myocytes, in which Ucn II was localized to the myotubes. CRF ir in the skin was detected in the pilosebaceous unit of the hair follicle, the keratinocytes of the basal epidermis, the outer root sheath, the matrix region of the developing hair follicles, and the nerve bundles (24) . The Ucn antigen was localized to keratinocytes in epidermis and the outer and inner root sheaths of hair follicles, epithelium of sebaceous and eccrine glands, erector pili muscle, cutaneous blood vessel walls, cutaneous nerves, and dermal mononuclear cells (27) . Further studies will be required to clarify the precise localization of Ucn II in epidermis and dermis compartments.
The skin is exposed to multiple physical, chemical, and biological stressors and should be able to respond immediately to reestablish tissue homoeostasis (25) . Skin is known to be a target organ for CRF, Ucn, and POMC peptides. Biochemical and molecular studies have demonstrated CRF, Ucn, CRFRs, and POMC peptides in human and mouse skin, as well as in cultured keratinocytes and melanocytes (22) (23) (24) (25) (26) (27) (28) (29) . Slominski et al. (22, 26) proposed that an equivalent of the HPA axis composed of the CRF-CRFR-POMC loop is conserved in the skin and may be activated as a response to stress. The intracellular signaling pathway activated through skin CRFRs involves the production of cAMP and subsequent activation of protein kinase A (23) . The involvement of calcium-activated pathways via voltage-activated calcium ion channels has also been demonstrated (45) . Furthermore, cAMP production after CRF stimulation has been associated with inhibition of HaCaT keratinocytes proliferation and differentiation of melanoma cells (23) . Several recent reports indicate that CRF and Ucn can play important roles in physiological processes in the skin. CRF (46) and Ucn (47) strate the presence of hair cycle-dependent expression of CRF and CRFRs.
To examine whether the Ucn II signaling system in the skin and skeletal muscle is operative and under regulatory control, we examined the Ucn II transcript levels in CRFR1-and CRFR2-null mice and compared them with their wild-type or 300 g/kg) were injected ip into C57BL/6 mice. The mice were killed 2 h (A) or 12 h (B) after injection, and a piece of the dorsal skin was isolated. Total RNA was extracted, followed by DNase treatment, and the mUcn II mRNA levels were determined using competitive RT-PCR as described in Materials and Methods. Each experimental group included at least three animals. The data shown are representative of three identical experiments (C). This figure demonstrates a significant decrease in skin mUcn II mRNA 12 h after dexamethasone injection. *, P Ͻ 0.05 vs. saline injections.
littermates. We found a significant increase in Ucn II mRNA levels in the skin of both CRFR1-and CRFR2-null mice compared with their wild-type littermates. We did not find any differences in Ucn II mRNA levels in the skeletal muscle tissue of CRFR1-and CRFR2-null mice compared with their wild-type littermates. The CRFR1-null mice displayed low plasma corticosterone concentrations that resulted from marked agenesis of the zona fasciculate region of the adrenal gland due to insufficient ACTH production during the neonatal period (14, 15) . To examine whether the increase in the Ucn II transcript in the skin is due to the low circulating corticosterone levels, we studied the Ucn II mRNA levels after dexamethasone administration and ADX in mice. We showed that mUcn II gene transcription is inhibited by glucocorticoid administration and stimulated by removal of glucocorticoids by ADX. Administration of dexamethasone to mice resulted in a decrease of mUcn II levels in the back skin region 12 h after ip injections. Removal of the adrenal gland significantly increased the levels of Ucn II mRNA in the skin, and the levels were reduced back to normal levels after corticosterone replacement. No effect of ADX could be observed on the level of Ucn II mRNA in the skeletal muscle. Dexamethasone at a concentration of 10 mol/liter has been reported to inhibit CRF peptide content in squamous cell carcinoma and melanoma cells (62 and 68% reduction, respectively), but had no significant effect on the CRF mRNA levels (50), suggesting posttranscriptional regulation of CRF expression.
The potent inhibitory effect of adrenal glucocorticoids on CRF biosynthesis and release from the hypothalamus has been well documented (51-60). Acute administration of dexamethasone has been found to inhibit significantly CRF mRNA accumulation in the paraventricular nucleus (PVN) after stress (57). Dexamethasone has also been found to reduce CRF mRNA levels in a human primary liver carcinoma cell line, NPLC, which endogenously expresses CRF (57, 58), and in mouse anterior pituitary tumor cells, AtT-20, which were stably transfected with the human CRF gene (59). ADX induced a significant increase in CRF mRNA levels in whole hypothalamus, specifically in the PVN, and these levels were normalized after dexamethasone replacement (59). It has been reported that ADX is accompanied by significant elevations in CRF peptide levels in the hypothalamus and that CRF heteronuclear RNA in the PVN is augmented after ADX and inhibited after dexamethasone treatment (60). In contrast to the hypothalamus, no effects of ADX or dexamethasone replacement were detected in the olfactory bulb, midbrain, cerebral cortex, or brainstem, indicating regional differences in the regulation of CRF mRNA by glucocorticoids (60). We (61) have very recently reported that mUcn II gene expression is up-regulated by dexamethasone in a dose-and timedependent fashion both in vitro, using a Ucn II-expressing cell line, and in vivo, using dexamethasone injections and ADX. The differential regulation of the mUcn II gene by glucocorticoids in the skin and in the hypothalamus and brainstem regions of the brain could be explained by different cellular mechanisms activated by glucocorticoids in these different cell types. Binding of glucocorticoids to different A piece of the dorsal skin and thigh skeletal muscle were isolated 2 wk after ADX or ADX plus corticosterone treatment of C57BL/6 mice. Total RNA was extracted, followed by DNase treatment, and the mUcn II mRNA levels were determined using competitive RT-PCR as described in Materials and Methods. Each experimental group included at least three animals. The data shown are representative of three identical experiments (D and H). This figure demonstrates a significant increase of skin but not skeletal muscle mUcn II mRNA expression levels after ADX. The skin mUcn II mRNA level returned to normal levels after corticosterone administration. *, P Ͻ 0.05 vs. control mice.
binding sites in the mUcn II promoter, the involvement of different cofactors, transcription factors, and signaling molecules in these tissues can cause inhibition or activation of the mUcn II gene. Similar effects were observed for the CRF gene; in contrast to the negative effects of glucocorticoids on hypothalamic CRF, corticosterone delivered to the amygdala increases CRF mRNA in the central amygdaloid nucleus (62). In addition, CRF from amnion, chorion, and decidual placental cells is positively regulated by cortisol and dexamethasone (63). We have also recently reported increases in thymic Ucn mRNA after corticosterone or ACTH injection, in the absence of immune stimulation, indicating that the increase in Ucn mRNA by endotoxin is induced by HPA axis activation (24) . The increase in the skin Ucn II transcript in the CRFR2-null mice could be attributed to a feedback mechanism in which the absence of the receptor will lead to increased ligand concentration due to the absence of normal negative feedback. Further studies will be required to establish this putative model.
The expression of high levels of Ucn II by the skeletal muscle in addition to the known high expression of CRFR2 by this tissue may imply on autocrine/paracrine system in the skeletal muscle that remains to be elucidated. Expression of Ucn II in the skin, a selective ligand for CRFR2, is opening new insights into the possible functions of CRFR2 signaling in the skin, which can act as a parallel balancing system to CRFR1 signaling.
Further examinination of the distribution and regulation of CRFR2 and its specific ligand Ucn II in the skin and skeletal muscle tissues may reveal the manner by which the CRFR2 pathway is involved in the physiological responses to stress in these tissues and in other pathophysiologies of the skin and muscle.
